INTRODUCTION
In previous years, we have demonstrated the feasibility of capacitive micromachined ultrasonic transducers (CMUTs) for thermal ablation using a concentric ring array [1] and an unfocused single-element transducer [2] . For high intensity focused ultrasound (HIFU) applications, CMUTs have advantages as opposed to the conventional piezoelectric transducers. First, as CMUTs are fabricated using standard microfabrication technologies, various configurations and array geometries are easily achievable, including 1-D, 2-D, and ring arrays [3] , [4] . In addition, less self-heating, flexible integrated circuit (IC) integration, and magnetic resonance (MR) compatibility make CMUT a promising candidate as a therapeutic transducer. The purpose of this work is to develop a fully-populated 2-D CMUT array and to demonstrate benefits of CMUT technology in terms of focusing gain and the electronic beam steering capability.
METHODS
We finished the fabrication of a 2-D CMUT array using the thick-buried-oxide (BOX) fabrication process [5] . Figure 1 shows pictures of the finished 2-D CMUT array, which has 20 × 20 CMUT elements with an element-toelement pitch of 1 mm × 1 mm and an operating center frequency of 1 MHz. The entire top silicon plate is connected to an electrical common ground for RF shielding and human safety. All electrical signals are enclosed and delivered from the backside of the array. The finished array is flip-chip bonded onto a custom-designed fan-out printed circuit board (PCB), and then assembled on another custom interface PCB that provides various array configurations depending on the desired applications. The 400-element CMUT array can be operated with a 400-channel continuous wave (CW) excitation system for electronic focusing and beam steering. However, in order to reduce the system complexity in the initial demonstration stage, we grouped this array into 8 channels for fixed focus operation. Our study has proven that the 8-channel operation can achieve a comparable focusing gain to that of a 2-D array of which elements are individually addressed. Each element belongs to one of the eight channels based on the phase delay from the array element location to the targeted fixed focal point. Figure 2(a) shows the sorted phase delay of all 400 array elements. These phase delays are grouped into eight delay groups, with a 45-degree step, and the CMUT elements in the same delay group are grouped together in the same channel. With eight pre-phased CW inputs applied to the eight channels, the pressure wave from the array constructively adds up and creates a focus at the targeted focal spot, as shown in Fig. 2(b) . Figure 2 (c) presents the channel assignment of the array elements for a focal depth of 20 mm, which is the targeted focal depth in this work. 
SIMULATIONS
We performed pressure field simulations for the array aperture shown in Fig. 2(c) , using an ultrasound field simulation software, Field II [6] , [7] . Some elements of the finished array were not functional due to fabrication issues. Figure 3(a) shows the pressure field on the XY-plane at the focal depth, for both the fully-working 2-D array and the fabricated array with defective elements. The focusing gain is reduced from 8.74 to 6.09 due to the missing elements. Although the fabricated array contains defective elements, our temperature simulation predicts successful ablation at the focus as shown in Fig. 3(b) , assuming a 1-MPa peak-to-peak pressure at the surface of the transducer array [8] . The sonication profile in this temperature simulation is a 3-second continuous wave excitation followed by a 2-second cool down period.
RESULTS
The array was characterized in immersion, with a 100-V DC bias voltage. A pair of direct digital synthesizers (DDS9m, Novatech Instruments, Inc., Seattle, WA) generated eight 1-MHz continuous waves for the eight channels of the array, which were amplified by 1-W amplifiers (ZHL-3A-S, Mini-Circuits, Brooklyn, NY). Each channel was tuned with a series inductor, and the AC input voltage that was finally applied to each channel was 55 V. Figure 4 plots the output peak-to-peak pressure measured using a hydrophone (HGL-0200, Onda Corporation, Sunnyvale, CA) at the focus. We performed two consecutive measurements. First, the pressures of the eight channels were measured individually, to test the contribution of each channel to the pressure at the focus. The red line in Fig. 4 shows the running sum of the individually measured channel pressures. Second, using our 8-channel phase generating system, we measured the peak-to-peak output pressure at the focus, sequentially activating one channel at a time until all eight channels are active. This measurement result is shown as the blue line in Fig. 4 . With all eight channels turned on, a peak-to-peak output pressure of 568.7 kPa was obtained at the focus. The measured focusing gain was 3.27, which is 46.3% lower than the simulated focusing gain. Considering the pull-in voltage of the array, we can apply larger inputs to get higher output pressures in future experiments. 
CONCLUSION
We successfully fabricated a 2-D CMUT array with 20 × 20 elements for HIFU treatment. This array was grouped into eight channels based on the phase delay of the array elements, and then addressed by an 8-channel phase generating system for pressure measurement at the focal spot 20 mm away from the CMUT array. The pressure measurement gave a focusing gain of 3.27, which is 46.3% lower than the simulated focusing gain of 6.09, due to the mutual radiation impedance among the CMUT cells. Our simulation of the displacement profile at the transducer surface indicates that the cells are not operating in phase due to the effect of mutual radiation impedance.
